Objective: Polymorphisms located at microRNA (miRNA) binding sites may interfere with the miRNA/mRNA interaction. The objective of this study was to identify the association between a single nucleotide polymorphism (774 T>C) in 3'-untranslated region (3'-UTR) of Epithelial Growth Factor Receptor (EGFR) and development of pulmonary hypertension (PH) in chronic obstructive pulmonary disease (COPD) as well as to explore the molecular mechanism. Methods and Results: In this study, we validated EGFR as a target of miR-214 in pulmonary artery smooth muscle cell (PASMC), which was further confirmed by the observation that exogenous overexpression of miR-214 significantly downregulated the expression of EGFR in the PASMCs genotyped as TT or TC, but not in CC group. Meanwhile, we found COPD patients with CC genotype had significantly higher risk for PH (OR = 1.965, p = 0.0095), compared with TT and TC genotypes,. Additionally, the PASMCs were isolated from 72 COPD patients, with which miR-214 and EGFR expression levels were determined, and we found that miR-214 level was comparable between each genotype group, the concentration of EGFR in CC genotype group was significantly higher than in TT or TC genotype group. Conclusion: Our study confirmed that EGFR 3'UTR 774 T>C polymorphism interfered with miRNA/mRNA interaction, and showed that the minor allele was associated with an elevated risk for development of PH in COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) is one of the leading causes of morbidity and mortality worldwide [1] . Pulmonary hypertension (PH) and right heart failure may develop in the disease course of COPD [2] . PH may cause increase in right ventricle load as well as pulmonary vascular resistance, which is a major cause of early death in COPD. The molecular mechanism underlying the pathogenesis of PH involves dysregulation of several biomedical signaling pathways in various cells types in lung, and aberrantly enhanced proliferation of pulmonary artery smooth muscle cells (PASMCs) at early stages of disease lead to structural changes and remodeling in pulmonary vascular bed [3] . As a complication of COPD, PH development rate and severity show a great diversity in the patient population. Therefore, identification of a genetic susceptibility to PH in COPD patients would be of important significance for a better understanding of the pathogenesis as well as developing new therapeutic target of the disease.
Epidermal growth factor receptor (EGFR) is a 170 amino acids tyrosine kinase transmembrane receptor widely expressed on the cell surface, and it has been reported to be involved in the control of some important processes of cell proliferation by modulating cell mortality and apoptosis [4, 5] . EGFR-activating signaling pathways upregulate a wide spectrum of transcription factors by binding with EGFR ligands [6] . The over-expression of EGFR has been described in a range of malignancies, and it has been shown to be significantly associated with disease progression, resistance to chemotherapy and radiotherapy, and poor prognosis [7] [8] [9] . The dysregulation of EGFR has also been proposed to be responsible for the abnormal proliferation of PASMCs and development of pulmonary artery remodeling, and the treatment with its inhibitor could significant restore the induced vascular remodeling in rat [10, 11] . Meanwhile, the expression level of EGFR was believed to be subject to the regulation by various factors including microRNA [12] .
MicroRNAs (miRNAs) are a class of small noncoding RNA molecules that regulate gene expression by binding the "seed sequence" in 3′UTR of their target mRNAs [13] . To date, it has been estimated that more than one-third of mRNAs of human genes are regulated by human miRNAs [14] . Accumulative evidence demonstrates that miRNAs are critical for regulating the expression of oncogenes or tumor suppressor genes, which will result in tumorigenesis [15, 16] as well as other medical disorders [17, 18] . Saunders et al. proposed that a single nucleotide change in the "seed sequence" of a target site may affect miRNA binding to target sites in the 3′UTR of human genes [19] . To date, significant association has been identified between the miRNA target site polymorphisms and human diseases [20] [21] [22] [23] [24] . Recently, Chu et al. reported one single nucleotide polymorphism (SNP, 774 T>C, rs884225) in 3′UTR of EGFR substantially compromised its binding with miR-214, and contributed to susceptibility to bladder cancer in a Chinese population [12] .
Considering the significant contribution of EGFR dysregulation to the abnormal proliferation of PASMCs and the development of PH, the regulatory role of miR-214 in the control of EGFR expression, as well as the evidence that rs884225 polymorphism in the 3'UTR of EGFR compromised its binding to miR-214, we hypothesized that miR-214 targets EGFR by binding to the seed sequence within a microRNA recognition element in the 3'UTR of the gene, and the EGFR 3′UTR polymorphism confers a genetic susceptibility to PH in COPD patients. To test this hypothesis, we performed luciferase assay to evaluate the effect of rs884225 on the interaction between EGFR 3'UTR and miR-214, determined the expression patterns of miR-214 and EGFR in the lung tissues harvested from COPD patients with and without PH, and carried out a hospital-based case-control study to investigate the association between the rs884225 polymorphism and presence of PH in COPD patient population. Our data showed that EGFR 3′UTR 774 T>C polymorphism (rs884225) could predict the susceptibility to PH in COPD in our ongoing case-control study.
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Materials and Methods

Study population
A total of 328 patients with diagnosis of COPD, including 110 with PH and 218 without PH, were recruited in this study. The included COPD patients were recruited from the First Affiliated Hospital of Anhui medical University, Hefei Third Clinical College of Anhui Medical University, and the First Affiliated Hospital of Soochow University. To evaluate the effect of smoking, we conducted pack-years calculation to indicate the cumulative smoking dose [pack-years = (cigarettes per day/20) × years smokes]. Among the recruited participants, resected specimens were available in 72 patients, who have received surgery for lung tumor resection except for 8 of the subjects with COPD undergoing volume reduction surgery. Institutional review board of Anhui Medical University approved the research protocol. After signed informed consent was obtained from all individuals, each subject donated 5 ml blood used for genomic DNA extraction.
Genotyping
Genomic DNA was extracted from white blood cells using DNA extraction kit (Huashun, Shanghai, China). Genotyping was performed using the TaqMan (Cat. # 4351379, Applied Biosystems, Foster City, USA) method. Probes and primers for real-time PCR were designed using the Primer Express® Software v.3.0 (Applied Biosystems, Foster City, USA). Probes, specific for each allele of rs884225, were labeled with fluorescin dye at the 5' end, and contained a minor groove binder (MGB) and a nonfluorescent quencher (NFQ) at the 3' end. PCR was carried out in a 7900 Fast Real-Time PCR System (Applied Biosystems, Foster City, USA) using a 96-well. The following amplification protocol was used: 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, and annealing/extension at 62 °C for 1 min. Controls were included in each plate to ensure accuracy of the genotyping.
RNA isolation and real-time PCR
Total RNA was isolated from PASMCs obtained from the COPD patients of different genotypes using RNA isolation kit (Invitrogen, Carlsbad, CA) and then converted to complementary DNA (cDNA) using an oligo(dT)15 primer and Superscript II (Invitrogen, Carlsbad, CA). TaqMan gene expression assays were carried out using ABI 7900 to quantify relative miR-214 and EGFR mRNA expression in these samples. U6 was chosen as the internal control. All reactions were run in triplicate to reduce confounding variance.
Cell culture
Segments of pulmonary artery (50-500m external diameter) were incubated in Hanks' solution containing collagenase (1.5 mg/mL) for 20 minutes. After incubation, a thin layer of adventitia was carefully stripped off with a fineforcep, and the endothelium was removed by gentle scratching of the intimal surface with a surgical blade. The remaining smooth muscle was then digested with collagenase (2.0 mg/mL) and elastase (0.5 mg/mL) for 35-45 minutes at 37°C. Cells were cultured in Dulbecco's modified Eagle's Medium (DMEM) (Life Technologies Inc., USA) containing 10% fetal bovine serum, penicillin (100U/mL), and streptomycin (100 mg/mL) and cultured in a humidified incubator at 37°C. The cells were passaged by trypsinization with 0.05% trypsin-EDTA and used for experiments at passages 3-8.
Oligo transfection miR-214 mimics (5'-ACA GCA GGC ACA GAC AGG CAG U-3') or inhibitors (5'-ACU GCC UGU CUG UGC CUG CUG U-3') and anti-EGFR siRNA (5'-CTT CTT AAA GAC CAT CCA GG-3', designed to target EGFR mRNA exon2) were all purchased from Ambion (Austin, TX, USA). PASMC transfection was performed with lipofectamin 2000 (Invitrogen, Carlsbad, CA, USA).
Apoptosis assays
Programmed cell death rates were assessed with a commercially available apoptosis assay kit (Becton Dickinson (BD), Franklin Lakes, NJ). 1 × 10 5 cells were harvested and stained with 10 μl FITC Annexin V and 10μl propidium iodide. FACS sorting was performed within 1 h using a BD FACS Caliber (Becton Dickinson (BD), Franklin Lakes, NJ).
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Western blot
Equal amount of cell lysates were loaded to SDS-polyacrylamide gel electrophoresis, and the separated proteins were next transferred onto a PVDF membrane, followed by blocking with TBST (10 mM Tris-Cl pH 8.0, 150 mM NaCl, and 0.05% Tween 20) containing 5% non-fat dry milk powder under room temperature for 1 hr. The PVDF membrane was then incubated with rabbit polyclonal antibody against EGFR (1:1000) (Santa Cruz, CA, USA) at 4˚C overnight, followed by incubation with HRP-anti-rabbit secondary antibody at room temperature for 2 hr. Chemical fluorescence signal was detected using an ECL Kit (Pierce, Rockford, IL, USA) according to the manufacturer's protocol. The band of β-actin was used to normalize the result of target protein.
Luciferase reporter plasmids and luciferase assays
Full length of the EGFR 3′UTR was amplified from human genomic DNA sample using primer set 5'-CCA CGG AGG ATA GTA TGA GCC CT-3'and 5'-AGA GTG GAA ATG AAT ATA G-3', and inserted into pcDNA3.0 (Invitrogen, Carlsbad, CA, USA). The sequence was confirmed by using direct Sanger sequencing. In addition, Quickchange XL site-directed mutagenesis kit was used to generate rs884225 774C or mutant with replacement of flanking sequence of rs884225, as described in Fig. 1A .
For luciferase assay, PASMCs were seeded onto 24-well plates (10 5 cells per well). PASMCs were transfected by Lipofectamin 2000 according to the manufacturer's instruction (Invitrogen, Carlsbad, CA, USA). In each well, 100 pmol of hsa-miR-214 mimics (Ambion, Austin, TX, USA) were cotransfected with 400-ng EGFR 3′UTR luciferase reporter plasmids containing wild-type or mutant EGFR 3'UTR. Meanwhile, 100 pmol scramble sequences purchased from Ambion were used as negative control (NC) in every transfection experiment. As an internal control, all plasmids were contransfected with 8-ng pRL-SV40 containing the Renilla luciferase gene. Cells were collected 48 h after transfection, and cell lysates were followed by the manufacturer's suggestion. A Dual-Luciferase Reporter Assay System was used to measure the luciferase activity (Promega, Madison, WI, USA), which was normalized against the activity of the Renilla luciferase gene. Transfections were conducted in independent triplicate experiments.
Statistical analysis
The statistical analysis was performed by using the SPSS software (Chicago, IL, USA), and P value of < 0.05 was considered statistically significant. Comparison of selected demographic or clinicopathological variables between the cases and controls were evaluated using χ2 test or student t-test. Hardy-Weinberg equilibrium of the genotype distribution among the controls was tested by a goodness-of-fit χ2 test. Unconditional univariate and multivariate logistic regression analyses were conducted to calculate the crude and adjusted odds ratios (ORs) and their 95% confidence intervals (CIs) for risk of PH. The luciferase reporter gene expression in different constructs was evaluated by one-way ANOVA tests.
Results
Characteristics of the participants
The demographic and clinicopathological characteristics of the subjects are shown in Table 1 . The COPD patients with and without PH appeared to be sufficiently matched on age 
(P = 0.325), sex (P = 0.741) and height (P = 0.092) and weight (P = 0.758). However, smoking index in COPD patients with PH was significantly higher than those without PH (p < 0.01). Conversely, FEV1, FVC, DLCO and RV were significantly higher in COPD patients without PH than those without PH. Therefore, these variables were included in the multivariate logistic regression analysis to evaluate the potential effects on the association between EGFR 3′UTR 774T>C polymorphism and the risk of development of PH in COPD patients.
Association analysis between EGFR 3′UTR 774T>C polymorphism and risk of PH in COPD
Genotype frequency of EGFR 774T>C polymorphism among the case and control subjects and their associations with PH risk in COPD are presented in Table 2 . The frequencies of the TT, TC and CC genotypes were 28.0, 49.5 and 22.5%, respectively, among the controls and 22.7, 40.9 and 36.4%, respectively, among the cases (P = 0.0095). When we used the TT genotype as the reference, we noted that the CC genotype was associated with a statistically significantly increased risk of PH in COPD (adjusted OR = 1.956, 95% CI = 1.058-3.649). Also, a similar trend was observed in the CC genotype compared with the combined TT/TC genotypes (1.965, 1.185-3.158).
Effect of the EGFR 3′UTR 774T>C on EGFR expression in PASMCs
It has been previously shown that EGFR was a validated target of miR-214 in human bladder cancer cells [12] . Based on the computational analysis, the EGFR 774T>C polymorphism was found to be located within a predicted binding site for hsa-miR-214 (Fig.   Fig. 1 . A, Comparison of the sequences of EGFR 3'UTR 774 T, 774C and mutant with replacement of binding site against the sequence of miR-214; B, Only the luciferase acticity in the cells cotransfected with wild-type EGFR 3'UTR and miR-214 was significantly reduced compared with those transfected with wild-type EGFR 3'UTR and scramble control (P<0.01). Fig. 1A . Subsequently, we used them for transient transfection with the PASMCs together with miR-214 mimics or scramble controls. As shown in Fig. 1B , only the luciferase activity from the PASMCs cotransfected with wild-type EGFR 3'UTR and miR-214 mimics was significantly lower than the control (p < 0.01), and all other groups were comparable compared with the NC. Our data indicated that EGFR was a validated target of miR-214 in PASMCs, and 774T is the key nucleotide during interaction between miR-214 and EGFR 3'UTR, loss of which may completely abrogate the miRNA/mRNA interaction in PASMCs.
Determination of expression patterns of miR-214 and EGFR in lung tissues of different EGFR 3'UTR 774T/C genotypes
Lung tissues of three different genotypes (TT, n=18, TC, n=38, CC, n=16) were used to further explore the impacts of rs884225 polymorphism on the interaction between miR-214 and EGFR 3'UTR. To characterize the role of rs884225 polymorphism on the miRNA/ mRNA interaction in PASMC which plays a central role in the development of PH, we isolated and explant cultured the PASMCS collected from resected lung tissues, and quantified the expression of miR-214 and EGFR by using real-time PCR as well as western blot. As shown in Fig. 2 , while the expression level of miR-214 were similarly distributed among each genotype group, the mRNA and protein expression level of EGFR in CC genotype group were significantly higher than TT and TC groups.
Exogenous upregulation or downregulation of miR-214 altered the expression of EGFR as well as the cell proliferation in PASMCs with TT genotype
The lung tissues of TT genotype were obtained from the patients who received surgical treatment, and the PASMCs were isolated, genotyped and explant cultured prior to the 
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Cellular Physiology and Biochemistry functional analysis. To characterize the role of miR-214 in regulating EGFR and cellular behavior, miRNA mimics (30 nM and 60 nM) together with anti-EGFR siRNA (60 nM) were introduced into PASMCs, and as a result, the expression level of miR-214 was increased up to 10 and 30 times 48 hours after transfection (data not shown). As shown in Fig. 3A , transfection of miR-214 mimics significantly lowered the mRNA and protein expression level of EGFR in a concentration dependent manner, and the effect of anti-EGFR siRNA on the expression of EGFR was comparable with miR-214 of same concentration. Meanwhile, introduction of miR-214 inhibitors significantly reduced the concentration of miR-214 down to 10% in PASMCs 48 hours after transfection. As shown in Fig. 3B , transfection of miR-214 inhibitors significantly upregulated the mRNA and protein expression level of EGFR. In line with this, upregulation or downregulation of miR-214 significantly altered the proliferation of PASMCs of TT genotype in the opposite direction by inhibiting or introducing apoptosis, respectively (Fig. 4) .
Exogenous upregulation or downregulation of miR-214 did not modify the expression of EGFR or the cell proliferation in PASMCs genotyped as CC
To investigate the effect of rs884225 polymorphism on miRNA/mRNA interaction, we repeated the quantification of EGFR expression, MTT assay, apoptosis analysis in PASMCs with CC genotype transfected with miR-214 mimics, inhibitors, or anti-EGFR siRNA. As shown in Fig. 5 , exogenous upregulation or downregulation of miR-214 did not alter either mRNA or protein expression level of EGFR. Consistently, such change in miR-214 altered neither the 
COPD patients with PH (n = 110) and without PH (n = 218) were recruited, and we found that compared with TT and TC genotypes, patients with CC genotype had significantly higher risk for OA (OR = 1.975, p = 0.0095]. Meanwhile, the PASMCs were isolated from 72 COPD patients, with which miR-214 and EGFR expression levels were determined, and we found that miR-214 level was comparable between each genotype group, the concentration of EGFR in CC genotype group was significantly higher than in TT or TC genotype group. MicroRNA plays an important role in the control of cellular activities by modulating transcription and translation of target mRNAs. Over 1,000 miRNAs have been reported to be encoded within the human genome and these miRNAs are estimated to target one third of genes. The discovery of miRNAs has introduced a new level of complexity for every biological process when exploring regulatory network [34] , and their dysregulation causes various medical disorders including malignancy [35] , inflammation [36] and heart disease [37] . Several miRNAs have been implicated in lung disease such as COPD, asthma, idiopathic pulmonary fibrosis (IPF), and cystic fibrosis [38, 39] . Collectively, these studies showed that miRNAs are expressed in the lung and are involved in the pathogenesis of a wide spectrum of lung diseases. Simultaneously, miRNAs have been shown to be involved in the development of PH. Courboulin et al. [40] found that miR-204 was downregulated in PASMCs from the patients with PH as well as the PASMCs from rats with monocrotaline-induced PH, and they showed that reconstitution of miR-204 attenuated monocrotaline-induced PAH in rats. Caruso et al. [40] performed miRNA profiling and found that a number of miRNAs demonstrated significantly altered expressions in the lungs of rats that were exposed to hypoxia or were given monocrotaline. These data suggested that miRNAs participate in the pathogenesis of PAH in both patients and rodent models. In this study, we validated EGFR as a target of miR-214 in PASMCs, and rs884225 polymorphism located at microRNA (miRNA) binding sites may interfere with the miRNA/mRNA interaction with luciferase reporter system. Furthermore, we confirmed the results of luciferase assay by the observation that exogenous overexpression of miR-214 significantly downregulated the expression of EGFR in the PASMCs genotyped as TT, but not in CC group. MiR-214 gene is mapped to q24.3 of chromosome 1. It has been implicated to be differentially expressed in various tumors [41] [42] [43] . Accumulative evidence demonstrated that miR-214 may play a conflicting role in the control of cell proliferation, as evidenced by its function either as onco-gene or tumor suppressor gene in different tumors. In this study, we found that introduction of miR-214 could suppress the growth of PASMCs via targeting EGFR and inhibiting apoptosis, and consistently, inhibition of miR-214 could significantly upregulate EGFR and thereby accelerating the proliferation of PASMCs genotyped as TT or TC. Whereas such results were not observed in the PASMCs with CC genotype, i.e. alternation of miR-214 showed minimal effect on the proliferation of the cells or the apoptosis status in the cells with homozygous allele.
EGFR signaling pathway plays an important role in regulating many cellular biological behaviors, including cell proliferation, survival and apoptosis [44, 45] , which has been proved to be mainly mediated by activation of two downstream pathways, one is phosphatidylinositol-3 kinase (PI3K)-AKT pathway and the other is mitogen-activated protein kinase (MAPK) pathway [46] . It has been shown that over-expression of EGFR contributed to the development of PH by abnormally accelerating the proliferation of PASMCs, and administration of its inhibitor (PKI166), working via competitive inhibition of the binding of ATP to the TK domain of the receptor, resulted in improved long-term survival with associated reversal of progressive vascular remodeling [13] . Treatment with antibody targeting the EGFR pathway inhibited smooth muscle cell proliferation in balloon-injured rat [47] , and caused significant regression of human tumor xenografts in mice [48] .
To date, many studies proposed that SNPs located in the 3′UTR of miRNA target genes may affect gene expression and thus be associated with individual disease development. Based on the bioinformatics analysis, rs884225e polymorphism lies within a predicted binding site for hsa-miR-214. Chu et al. showed that EGFR 774CC genotype was associated with a significantly increased risk of bladder cancer [12] , while no significant association was identified between the polymorphism and bladder cancer in a Korean population. In this study, the results showed that the EGFR 774CC genotype was associated with a significantly increased susceptibility to PH in COPD patients compared with 774TT/TC genotype. Additionally, luciferase reporter gene assay confirmed that EGFR 3′UTR 774 T to C substitution could interfere with the interaction between EGFR 3'UTR and miR-214, which was consistent with the association results to increase the risk of PH in COPD.
Some limitations should be mentioned in the present study. First, our study is based on a hospital-based cohort, which makes selection bias of subjects an unavoidable issue; Secondly, the relative small sample size of the cohort limits the statistical power of the study, and refrains us from further stratification analysis; Thus, the data should be interpreted with caution. Even though we performed functional analysis to support the association study results, further study with larger or different ethnic population is warranted to reproduce the results of the present study.
Despite these limitations, this observational study brings us forward in understanding the mechanism underlying the development of PH in patients with COPD. This study provides further evidence that EGFR 3'UTR 774T>C polymorphism interfered with the miRNA/mRNA interaction, and released the physiological inhibition of EGFR by miR-214 in PASMCs with minor allele. Such progression in understanding of the pathogenesis of PH in COPD shed a light on the prevention and treatment of PH, especially in the patient population with COPD.
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